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Abstract Micronutrients are important for the prevention of
degenerative diseases due to their role in maintaining genomic
stability. Therefore, there is international concern about the
need to redefine the optimal mineral and vitamin requirements
to prevent DNA damage. We analyzed the cytostatic, cytotox-
ic, and genotoxic effect of in vitro zinc supplementation to
determine the effects of zinc deficiency and excess and wheth-
er the upper estimate of the physiological requirement recom-
mended for children is safe. To achieve zinc deficiency,
DMEM/Ham’s F12 medium (HF12) was chelated (HF12Q).
Lymphocytes were isolated from healthy female donors (age
range, 5–10 yr) and cultured for 7 d as follows: negative con-
trol (HF12, 60 μg/dl ZnSO4); deficient (HF12Q, 12 μg/dl
ZnSO4); lower level (HF12Q + 80 μg/dl ZnSO4); average
level (HF12Q + 180 μg/dl ZnSO4); upper limit (HF12Q +
280 μg/dl ZnSO4); and excess (HF12Q + 380 μg/dl ZnSO4).
The comet (quantitative analysis) and cytokinesis-block mi-
cronucleus cytome assays were used. Differences were eval-
uated with Kruskal-Wallis and ANOVA (p < 0.05). Olive tail
moment, tail length, micronuclei frequency, and apoptotic and
necrotic percentages were significantly higher in the deficient,
upper limit, and excess cultures compared with the negative
control, lower, and average limit ones. In vitro zinc supple-
mentation at the lower and average limit (80 and 180 μg/dl
ZnSO4) of the physiological requirement recommended for
children proved to be the most beneficial in avoiding genomic
instability, whereas the deficient, upper limit, and excess (12,
280, and 380 μg/dl) cultures increased DNA and chromosom-
al damage and apoptotic and necrotic frequencies.
Keywords Zinc supplementation . Children . Genomic
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Introduction
Argentina is presently undergoing the nutrition transition, char-
acterized by a decrease of acute malnutrition and an increased
prevalence of obesity, stunting, and hidden hunger (Lucchese
et al. 2016). The World Health Organization (WHO) and the
United Nations Children’s Fund (UNICEF) define hidden hun-
ger as specific vitamin and mineral deficiency. The main
micronutrients required for child growth are iron, zinc (Zn),
vitamin A, vitamin B (like riboflavin), folic acid, niacin, and
essential fatty acids. Micronutrient quantification is performed
with the recommended dietary allowances (RDA) from the
National Research Council (National Research Council Food
and Nutrition Board 1989), which express the absolute value of
the nutrient recommended per day.
Micronutrients are important for the prevention of degen-
erative diseases such as cancer, cardiovascular disease,
Alzheimer’s, and premature aging, due to their role in main-
taining genomic stability (Fenech 2010, 2014). In human pop-
ulations, genetic mutation and chromosomic aberrations may
be increased by in vivo exposure to mutagenic and carcino-
genic agents (Parry 1988) and by an imbalanced diet (Ames
1998). Considering that many minerals and vitamins act as
substrate and/or cofactors in DNA maintenance reactions,
their exact concentration in the cell is critical. Thus, non-
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optimal levels of these micronutrients would impair the activ-
ity of enzymes needed for genomic stability, since they pro-
duce DNA double or single-strand breaks, oxidative damage,
or both (Fenech 2001, 2005). Therefore, there is international
concern about the need to redefine the optimal mineral and
vitamin requirements to prevent DNA damage. This becomes
especially important for early stages of life, since the unique
nutritional requirements of children make them unusually sus-
ceptible to inadequate nutrient intake.
Although severe Zn deficiency is not common, moder-
ate deficiencies are relatively frequent, particularly in in-
fancy and childhood (Hambidge 1989). This deficiency
would cause a decrease in child growth and development
(Roohani et al. 2013), mainly affecting height (Siklar
et al. 2003; Varea et al. 2006; Grandy et al. 2010). Zn
deficiency not only affects the immunological system by
disturbing cell division and multiplication but also partial-
ly suppresses thymus function and decreases T and B
lymphocyte proliferation and function (Haase and Rink
2009). The induction of brain growth and development
alterations that cause cognitive impairments have also
been reported (Prasad 2013). In this regard, the role of
Zn in DNA synthesis and cell proliferation would account
for these Zn deficiency-associated effects.
Zn is an essential component of approximately 300 pro-
teins, such as Cu/Zn superoxide dismutase, endonuclease IV,
p53, and Zn finger proteins, such as poly ADP-ribose poly-
merase (PARP). It is involved in the process of genomic sta-
bility and gene expression in different ways, including the
formation of chromatin structures and the participation in
DNA replication and RNA transcription through transcription
factors and RNA and DNA polymerases (Sharif et al. 2011,
2012). Likewise, Zn plays a key role in DNA repair (Dreosti
2001) and programmed cell death or apoptosis (Chung et al.
2005; Clegg et al. 2005; Bae et al. 2006; Chang et al. 2006).
Presently, knowledge about the optimal levels of Zn for
genomic stability is scarce and disordered. However, there is
evidence supporting the fact that marginal Zn deficiency im-
pacts significantly on the percentage of spontaneous chromo-
some damage (Fenech 2001, 2002; Fenech and Ferguson
2001; Sharif et al. 2011, 2012). On the other hand, in vitro
studies have shown that excess of different Zn salts, such as
chromate, citrate, and sulfate, would produce a cytotoxic and
genotoxic effect on different cell lines (Bae et al. 2007; Xie
et al. 2009; Wise et al. 2010; Sharif et al. 2011, 2012) and
laboratory animals (Tapisso et al. 2009).
Considering that Zn is an important micronutrient for chil-
dren growth and that it is involved in the process of genomic
stability, the purpose of this study was to analyze the cytostat-
ic, cytotoxic, and genotoxic damage of in vitro Zn supplemen-
tation to determine the effects of Zn deficiency and excess and
whether the upper estimate of the physiological requirement
recommended for children is safe.
Materials and Methods
Study design In vitro modeling of peripheral blood lym-
phocyte cultures was used to determine the effect of
micronutrients on cytotoxicity and genomic damage
(Kimura et al. 2004; Wu et al. 2009; Fenech 2010). This
model helps to define the optimal concentration and the
safe upper limit of micronutrients (Fenech 2010). Isolated
peripheral blood lymphocytes obtained from six healthy
female donors (age range, 5–10 yr) were used. Written
parental informed consent was obtained. This study was
conducted according to the guidelines laid down in the
Declaration of Helsinki and all procedures involving hu-
man subjects were approved by the Institutional Review
Board of the Instituto de Desarrollo e Investigaciones
Pediátricas (IDIP), La Plata Children Hospital, Buenos
Aires, Argentina.
Lymphocytes were isolated with Ficoll (Histopaque®-
1077 Sigma-Aldrich, St. Louis, MO) according to Fenech’s
protocol (2007) and cultured in 10 ml of DMEM/Ham’s F12
medium (HF12) (Sigma-Aldrich) formulated for culture with-
out fetal bovine serum, with antibiotics (50 IU penicillin and
50 μg/ml streptomycin) (Bagó Laboratories, Buenos Aires,
Argentina), in a humidified atmosphere with 5% CO2. Cells
were cultured in Falcon T-25 (Nunc, Denmark).
For all experiments, lymphocytes were cultured in Zn-
depleted medium (HF12Q). HF12Q was prepared with
HF12 mixed with 10% Chelex 100 (95577 Sigma) for 2 h;
the cycle of depletion was repeated for another 4 h (Sharif
et al. 2011, 2012). Because other divalent cations (Cu, Fe,
Mn, and Ca) were also chelated, we replenished the same
concentration as that indicated in the formulation of the cul-
ture medium used.
In this study, Zn sulfate (ZnSO4) was used to supplement
cultures because of its proven higher bioavailability (Sharif
et al. 2011, 2012). Three doses of ZnSO4 (Sigma-Aldrich)
within the physiological requirement recommended for chil-
dren (80–280 μg/dl) (Feliu et al. 2005) were used. Two other
doses outside of such range were used to evaluate the effect of
both deficiency and excess. Thus, the resulting cultures were
as follows: negative control (HF12Q, 60 μg/dl ZnSO4); defi-
cient (HF12Q, 12μg/dl ZnSO4); lower level (HF12Q + 80μg/
dl ZnSO4); average level (HF12Q + 180 μg/dl ZnSO4); upper
limit (HF12Q + 280 μg/dl ZnSO4); and excess (HF12Q +
380 μg/dl ZnSO4).
Lymphocytes were cultured with 5% CO2 at 37 °C for 7 d
(Fenech 2010, 2014). Thereafter, 50 μl was transferred to
conic tubes (Eppendorf) for quantitative comet assay, and
the remaining cells were used for cytokinesis-block micronu-
cleus cytome (CBMN-Cyt) assay.
Each experimental point was set up in duplicate.
Experiments were repeated three times so as to allow an ac-
curate estimation of inter-experimental variations.
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Zn levels Atomic absorption spectrophotometry (AAS) was
used to determine Zn levels in media before and after supple-
mentation. Samples were diluted with trichloroacetic acid and
analyzed by AAS at the Department of Physiology, National
University of La Plata School of Veterinary Sciences.
Comet assay Single-cell gel electrophoresis was performed
using the alkaline version described by Singh et al. (1988) with
some modifications (Tice and Strauss 1995). Briefly, slides
were covered with a first layer of 180 μl of 0.5% normal aga-
rose (Life Technologies, Carlsbad, CA). An amount of 75 μl of
0.5% low melting point agarose (Life Technologies, Carlsbad,
CA) was mixed with 25 μl blood and layered onto the slides,
which were immediately covered with coverslips. After agarose
solidification at 4 °C for 10 min, coverslips were removed and
slides were immersed overnight at 4 °C in fresh lysis solution.
The slides were equilibrated in alkaline solution for 20 min.
Electrophoresis was carried out for 30 min at 25 V and
250 mA (1.25 V/cm). Afterwards, slides were neutralized by
washing them three times with Tris buffer (pH 7.5) every
5 min, and subsequent washing in distilled water. Slides were
stained with 1/1000 SYBR Green I solution (Molecular
Probes, Eugene, Oregon, USA) (Olive 1999). Scoring was
performed at 400× magnification using a fluorescent micro-
scope (Olympus BX40 equipped with a 515–560 nm excita-
tion filter) connected to a Sony 3 CCD-IRIS color video cam-
era. DNA migration was determined with the Comet Assay
Software Project (CASP) (public domain) (Końca et al. 2003).
DNA damage was expressed as olive tail moment (OTM,
arbitrary units) and tail length (TL, μm) (Tice et al. 2000).
From each of the two slides made for one experimental point,
50 randomly selected cells were measured, thus giving 100
cells per sample and 300 cells per dose in all the experiments
(three determinations).
CBMN-Cyt assay Cytostatic and cytotoxic effects and chro-
mosomal damage were assessed by the CBMN-Cyt assay ac-
cording to the method of Fenech (2007) with some modifica-
tions. Briefly, after 6 d of culture, cytochalasin B (3 μg/ml
final concentration) (Sigma-Aldrich, St. Louis, MO, USA)
was added for 28 h. Samples were centrifuged and the pellet
wa s r e s u s p end ed i n 5 m l f i x a t i v e 1 ( s od i um
chloride:methanol:acetic acid 6:5:1). Cells were washed twice
with fresh fixative 2 (methanol:acetic acid 5:1) and later re-
suspended, dropped onto clean slides and finally stained with
5% Giemsa for 10 min. The chromosome damage biomarkers
scored were micronuclei (MNi), nucleoplasmic bridges
(NPBs), and nuclear buds (NBuds). One thousand binucleated
cells (BN) were analyzed per experimental point. Cytostatic
effects were analyzed through the nuclear division index
(NDI) and estimated by the ratio of mono-, bi-, and multinu-
cleated cells. Five hundred viable cells were scored per exper-
imental point to determine the frequency of cells with one,
two, three, or four nuclei and calculate the NDI using the
formula (M1 + 2M2 + 3M3 + 4M4)/N, whereM1–4 represents
the number of cells with 1–4 nuclei and N is the total number
of viable cells scored (Fenech 2007). Cytotoxicity events were
assessed by the percentage of apoptotic (AC) and necrotic
(NC) cells in 500 cells. Fenech’s scoring criteria for MNi,
NPBs, NBuds, and apoptotic and necrotic cells were used
(Fenech 2007).
Statistical analysis Data are presented as means ± standard
error and P values less than 0.05 were considered statistically
significant. Kurtosis was estimated to determine the normal
distribution of data. Quantitative comet assay results were
evaluated with the nonparametric Kruskal-Wallis contrast test,
which analyzes the null hypothesis of equal medians of comet
parameters within each of the four treatments. Results of the
CBMN-Cyt assay were statistically analyzed by simple
ANOVA and multiple range test. Statgraphics® 5.1 software
(Manugistics Inc., Rockville, MD) was used for all the
analyses.
Results
The mineral level before and after ZnSO4 supplementation is
presented in Table 1.
DNA strand breaks and alkali labile sites were determined
with the comet assay (Fig. 1). OTM and TL quantitative anal-
ysis results were statistically significant (p < 0.001). In the
case of OTM, the Kruskal-Wallis test showed statistically sig-
nificant differences for almost all comparisons, excepting neg-
ative control with 80 μg/dl ZnSO4 and control with 180 μg/dl
ZnSO4. OTM was significantly higher in the deficient, 280
and 380 μg/dl ZnSO4 supplemented cultures with respect to
the negative control, 80, and 180 μg/dl ZnSO4 supplemented
ones (p < 0.001). Cultures supplemented with 80 and 180 μg/
dl ZnSO4 had the lowest OTM. Similar results were obtained
for TL (negative control vs. deficient and negative control vs.
380 μg/dl ZnSO4 p < 0.001; negative control vs. 280 μg/dl
ZnSO4 p < 0.01).
Table 2 shows the results obtained with the CBMN-Cyt
assay. The cytotoxic effect evaluated with NDI decreased in
deficient cultures as well as in those supplemented with 280
and 380 μg/dl ZnSO4. The highest NDI was observed in 80
and 180 μg/dl ZnSO4 cultures. However, none of the differ-
ences observed resulted statistically significant. Assessment
of cytotoxic effects with AC and NC percentages in 500 cells
by the analysis of variance showed statistically significant
differences among treatments (p < 0.001). No differences
were found among the negative control, 80, and 180 μg/dl
ZnSO4 cultures. The highest AC and NC percentage was ob-
served in the deficient and 380 μg/dl ZnSO4 cultures. On the
other hand, the 280 μg/dl ZnSO4 supplemented culture
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presented higher AC and NC percentages than the negative
control, 80, and 180 μg/dl ZnSO4 supplemented ones.
Chromosome damage evaluation was determined by the fre-
quency of MNi, NPBs, and NBuds in 1000 BN cells. The
analysis of variance showed statistically significant differ-
ences among treatments for MNi frequency (p < 0.001).
Regarding the negative control, the 80, and the 180 μg/dl
ZnSO4 cultures, no significant differences could be detected
with the multiple range test. For this marker, the highest MNi
frequency was observed in the 380 μg/dl ZnSO4 supplement-
ed culture, as compared with the rest of the cultures. On the
other hand, the deficient and 280 μg/dl ZnSO4 supplemented
cultures presented the same level of damage, markedly higher
than that of the negative control, 80, and 180 μg/dl ZnSO4
supplemented ones. Cultures supplemented with 80 and
180 μg/dl ZnSO4 had the lower chromosome damage.
Results obtained for NPBs and NBuds were mixed, showing
higher but not significant values in cultures supplemented
with 80 and 280 μg/dl ZnSO4.
Discussion
In this study, we analyzed the cytostatic, cytotoxic, and
genotoxic effect of in vitro Zn supplementation in order to
determine the effects of zinc deficiency and excess and wheth-
er the upper estimate of the physiological requirement recom-
mended for children is safe.
The effect of Zn deficiency and excess was analyzed with
the comet and the CBMN-Cyt assays because they comple-
ment each other and provide extensive information about the
possible damage induction to genetic material caused by an
inadequate nutrient intake (Sharif et al. 2011).
Our results showed that Zn deficiency increased DNA
damage. Other studies using the comet assay also reported
high frequencies of DNA damage (Ho and Ames 2002; Yan
et al. 2008; Song et al. 2009a, b, c). In vitro studies showed
that Zn-deficient cells present high levels of damage and fail-
ure in the DNA repair mechanisms (Dreosti 2001; Ho and
Ames 2002; Yan et al. 2008; Sharif et al. 2012). In vivo studies
have reported a relationship between Zn nutritional status and
DNA damage (Bae et al. 2007; Sliwinski et al. 2009; Xie et al.
2009; Wise et al. 2010; Sharif et al. 2015). In another study
carried out in men between 19 and 50 yr of age whose micro-
nutrient intake was restricted and then reestablished, the au-
thors recorded a significant increase of DNA breaks during the
depletion period (Song et al. 2009c). Such increase reverted
after Zn repletion, suggesting that the damage was related to
the Zn level.
On the other hand, the increase in the frequency of DNA
damage could be due to an increase in oxidative stress. There
is evidence from experimental in vitro studies suggesting that
addition of Zn protects sulfhydryl groups against oxidative
damage (Bray and Bettger 1990; Sunderman 1995; Bagchi
et al. 1997; Szuster-Ciesielska et al. 2000). The results from
a recent intervention study (Sharif et al. 2015) showed that Zn
supplementation in an elderly population with low Zn status
could lower DNA damage events, hence improving genome
stability, increasing antioxidant activity which may lower
DNA damage risk, and increasing Zn storage and Zn uptake
transporter gene expression (MT1A and ZIP1).
In the present study, supplementation with 80 and 180 μg/
dl Zn sulfate reduced DNA breaks with respect to the deficient
Fig. 1. Olive tail moment (A) and tail length (B) in peripheral
lymphocytes. Data are means ± SE. Kruskal-Wallis contrast test through
the Statgraphics® 5.1 software was used. Significance for the comparison
between the negative control and all the experimental points was marked
with asterisks (**p < 0.01; ***p < 0.001).
Table 1. Mineral level before and after supplementation with ZnSO4
Culture ZnSO4 level (μg/dl)
Before After
Negative control 60.08 ± 0.00017 60.08 ± 0.00017
Deficient 12.18 ± 0.0004 12.18 ± 0.0004
Lower level 12.18 ± 0.0004 80.05 ± 0.0001
Average level 12.18 ± 0.0004 180.03 ± 0.00009
Upper limit 12.18 ± 0.0004 280.06 ± 0.0001
Excess 12.18 ± 0.0004 380.01 ± 0.00003
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culture, whereas a high concentration (380 μg/dl) increased
the damage, suggesting a potential genotoxic effect of excess
Zn sulfate. Further, the upper estimate of the physiological
requirements recommended for children (280 μg/dl) also in-
creased DNA damage.
The results obtained with the CBMN-Cyt assay showed
that both Zn deficiency and excess increased MNi frequency;
in this case, the excess was more marked. Interestingly, the
upper estimate of the physiological requirements recommend-
ed for children (280 μg/dl) was responsible for the same mag-
nitude of chromosome damage as the deficiency. In other
studies, increased MNi and NPBs frequencies in both defi-
ciency (0 μM) and excess (32 μM) were observed (Sharif
et al. 2011, 2012). Those works reported that all the assessed
concentrations within the physiological requirements recom-
mended for children (4–16 μM) decreased such damage in
both WIL2-NS and human oral keratinocyte cells. On the
other hand, the higher limit of the pharmacological range
(100 μM) adversely affected some cell parameters (Sharif
et al. 2011, 2012). By contrast, another study evaluating the
effect of supplementation with 100 μMZn sulfate showed that
human lymphocyte viability was not affected (Sliwinski et al.
2009). Elevated MNi frequency in lymphocytes has been
shown to be associated prospectively with an increased risk
of cancer in a cohort study, with severe adverse cardiovascular
events in coronary artery disease patients and with mortality
from cancer or cardiovascular disease in a case-control study
(Milne et al. 2015).
In our study, the highest percentage of NC was observed in
cultures with Zn excess, where chromosome damage was also
the highest. A recent study suggests that excess Zn supple-
mentation reduces cell viability in INS-1E rats due to in-
creased necrosis (Nygaard et al. 2014). In vitro studies have
shown that excess of other Zn salts, such as chromate and
citrate, also caused a cytotoxic and genotoxic effect in differ-
ent cell lines (Bae et al. 2007; Xie et al. 2009;Wise et al. 2010;
Sharif et al. 2011) and laboratory animals (Tapisso et al.
2009). In our study, deficient cultures presented a higher
percentage of AC. In this sense, other reports showed that
Zn deficiency induced apoptosis in different cell types such
as fibroblasts, hepatocytes, T cell precursors, and glioma and
testicular cells (Ho and Ames 2002; Ho et al. 2003; Bao and
Knoell 2006; Yan et al. 2008; Yamaguchi et al. 2009).
Daily RDA provides a guide for the appropriate intake of
nutrients for the prevention of diseases caused by deficiency
or excess. Determining these extremes is important, but the
biggest challenge in the prevention of developmental and de-
generative diseases is defining the appropriate intakes of
micronutrients to optimize cellular and organism performance
at different life stages. Optimization of cellular function ulti-
mately depends on the prevention of damage to the nuclear
and mitochondrial genome (Fenech 2010). This becomes es-
pecially important in childhood, since the unique nutritional
requirements of children make them unusually susceptible to
inadequate nutrient intake.
Animal source foods are the major Zn source. Red meat,
seafood, and fish make up the biggest contributions to Zn
intake in the diets and present high bioavailability (Rosado
1998). In the last 30 yr, Argentina has changed the food con-
sumption pattern, with a decrease in meat intake (Aguirre
2005). Moreover, a late incorporation of animal source food
during the dietary complementation stage has been recorded
in the child population, thereby exposing young children to an
inadequate intake of Zn and irreversibly compromising their
growth potential.
Conclusions
The results obtained in the present study suggest that in vitro
supplementation of cultures with 80 and 180 μg/dl Zn sulfate
would avoid genomic instability. On the other hand, deficient
cultures (12 μg/dl) and those presenting excess Zn (380μg/dl)
would induce increased AC and NC percentages and cause
higher DNA and chromosome damage. Likewise, the upper
estimate of the physiological requirements recommended for
Table 2. Nuclear division index, apoptotic cells, necrotic cells, micronuclei, nucleoplasmic bridges, and nuclear buds in peripheral lymphocytes
Culture CBMN-Cyt assay
NDI AC% NC% MNi‰ NPBs‰ NBuds‰
Negative control 1.76 ± 0.13 3.5 ± 0.57a 0.5 ± 0.55a 1.00 ± 0.30a 0.00 ± 0.00 0.00 ± 0.00
Deficient 1.68 ± 0.13 10.5 ± 0.57c 5.5 ± 0.58b 2.10 ± 0.41b 2.30 ± 0.15 0.00 ± 0.00
80 μg/dl ZnSO4 1.78 ± 0.13 2.5 ± 0.56a 1.5 ± 0.57a 1.30 ± 0.34a 6.50 ± 0.25 1.00 ± 0.10
180 μg/dl ZnSO4 1.82 ± 0.13 2.5 ± 0.58a 1.5 ± 1.73a 0.90 ± 0.29a 1.00 ± 0.10 1.00 ± 0.10
280 μg/dl ZnSO4 1.64 ± 0.13 7.5 ± 4.04b 3 ± 2.31a,b 2.10 ± 0.41b 10.0 ± 0.30 2.00 ± 0.14
380 μg/dl ZnSO4 1.52 ± 0.12 11 ± 2.31c 9 ± 3.46c 3.20 ± 0.47c 1.00 ± 0.10 0.00 ± 0.00
Data are means ± SE. Groups not sharing the same letter are significantly different from each other (p values refer to ANOVA analysis: p < 0.05)
NDI nuclear division index, AC apoptotic cells, NC necrotic cells, MN micronuclei, NPB nucleoplasmic bridges, NBuds nuclear buds
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children (280 μg/dl) would increase the cytostatic and cyto-
toxic effect as well as DNA and chromosome damage. These
findings are important, since optimal mineral and vitamin
levels are necessary to prevent DNA damage and, therefore,
degenerative diseases such as cancer, cardiovascular disease,
Alzheimer’s, and premature aging.
We are aware of the limitations of our work, and future
studies would be necessary to determine the adequate daily
intake of this micronutrient. Although at first in vitro dose-
response studies would allow to evaluate the effect of Zn
concentration on genetic damage and cytotoxicity, in vivo
cross-sectional and interventional research is required to as-
sess the association between nutrient intake and genetic dam-
age. Similarly, future research on this subject should focus on
the elucidation of the underlying mechanisms, whereby Zn
would modulate DNA repair.
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